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A b s t r a c t .

‘1’he  “4-day wave “ is an eastward moving quasi-nonclis~)  cmive  feature with periocl

near 4 clays occurring near the winter polar stratopause. ‘1’his  paper presents evidence

of the 4-day  feature in Microwave I,ilnb Sounder (M I,S) temperature, geopotential

height and ozone data from the late Southern winters of 1992 and 1993. Space-t ime

spectral analyses reveal a double-peaked temperature structure consisting of one peak

near the stratopause  and another in the lower rncsosphcre,  with an out-of-phase

relationship Letwccn the two peaks. ‘l’his double-peaked structure is reminiscent of

recent three-dilnellsional barotropic/baroclinic  instability lnodcl  predictions, and is

observed  here for the first time. “J’he }]cight  variation of the 4-day ozolle  signal is showrl

to colnpare  WCI1 wit]]  a linear advcctive-photochemica]  tracer rnoclcl. Nega t ive  rcgiol]s

of quasi-geostrophic  potential vorticity  (PV) gradimlt  and positive h;liasscn-}’alm  flux

divcrgcncc are shown to occur, consistent with il]stability  dy]]alnics  playing a role in

wave forcing.  Spectral analyses of I>V derived from hfil,S geopotential  }lcig}lt  fields  reveal

a 4-day si~na]  ~Jeaking  near tile polar stratopausc. l’he three-c]ima]sional structure

of the 4-day wave resembles the potential vorticity  ‘Lchargc” concept, whercirl  a l)V

anolnaly  in the atlnospherc  (analogous to arl electrical c}large in a dielectric lnatcrial)

induces a geopotcntial  flcld,  a vertically orier]ted tcml)eraturc  dipole and circulation

about the vertical axis.



3

1.. Introduction

‘1’hc  4-day wave is a ubiquitous feature in the polar willtcx  upper stratosphere. It

was  first observed in temperature data as a strong 4-day signal in zonal Wavcnunlber  1

(Venne and Stanford 19’79). I,ater studies showed that it consists of waves I through at

least 4 all moving with the same phasse speed, such that the period of wave 1 is near

4 days. Synoptic plots of temperature reveal a quasi-nondispersive  “warln pool” of

air which rotates eastward around the winter pole near the stratopause  with a 4-day

rotation period (IJrata 1984; I,ait and Stanford 1988b; Lawrence ct al. 1995), Numerous

observational (Venne  and Stanford 1979, 1982; }’rata  1984; I.ait and Stanford 1988L;

l{ande]  and I,ait 1991; Manney  1991; P’ra.ser  ct al. 1993; J.awrcnce  et al. 1995; Lawrence

and 1{.ande] 1996) and theoretical (IIartn]ann 1983; Manney ct al. 19S8; Manney  1991;

Manney ancl Randel 1993) studies }lavc examined the 4-day phel]olncnon.

‘J1he wave has been observed il] both hemispheres, but  is stronger in the Southerll

llclnispherc  (Venne and Stanforcl  19S2). ‘1’hc IIorizonta]  phase structure is variable,

with both poleward and ccluatorward  momentum flux events (Vcnnc and Stanford 19S2;

l’ra.ta 1984; Manncy 1991). ‘J’hc wave is generally barotropic,  although some episodes

SI]OW strong equator~vard  heat flux (]{anclcl ancl I,ait 1991 ). ‘J’hc  cpisoclcs  studied by

Randcl ancl I,ait (1 991) and I,awrencc at]cl llanclcl (1 996) reveal a dipole structure of

~)ositive and negative F,liassen-Palnl  flux divergence associated with the 4-day wave, with

tllc positive region overlapping negative quasi-gcostrophic  potential vorticity  graclicnt,  a

sig]]ature  of instability processes,

q)heoretical  stuclics  have focused on instability of the jet structure as the mcchanisln

for 4-day wave growth. IIartmann  (1983) and Manncy et al. (1 988) SIIOWCCI  that pcriocls

of 4-clay wave growth arc consistent with barotropic  illstability  of the stratos])llcric

polar night jet. Manrley  ancl Itandel  (1993) usecl a 3-11 instability Inodcl  to show that

realistic 4-day wave growth rates exist in monthly lncall  background wind states only if

both barotropic  and baroclinic components arc included. ‘J’heir model also predicted
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a double-lobed structure in the perturbation temperature field  with one lobe in the

upper stratosphere and another in the lower rncsosphere,  with rapid phase variation in

between.

‘1’he  present

Microwave I,imb

paper takes advantage of the coverage and vertical resolution of the

Sounder (MIS) on board the Upper Atmosphere ltcscarch  Satellite

(UA1{.S) to examine the 4-day wave during the late austral winters 1992 and 1993. As

will be shown below, stro)]g  4-day signals exist in MI,S  tcmpcraturc,  gcopotcntial  height

and ozone. The vertical coverage provided by M 1,S allows resolution of a double-peaked

structure in perturbation temperature with an out-of-phase relationship between the

upper and lower peaks, as predicted by Manncy  and Randcl  (1 993). Spectral analyses

of MI,S ozone reveal a 4-day signal in zonal  wavcnumbcr  1 near tllc polar stratopausc.

A lillcar advcctivc-photochcmical  model is used to calculate the OZOIIC response to

tcT1]]maturc  and wind perturbations associated with tllc 4-day wave. q’hc vertical

variation of model ozone amplitude is in good agrccmcl]t  with observations of hfl S

ozcmc. Negative regions of quasi-gcostrophic  potential vorticity  (} ’V) gradient and

positive l~liasscn-1’alm  flux divcrgcncc  arc shown to occur, co]isistcnt  with wave forcing

by instability dynamics.

‘l’he 4-clay feature is also shown to exist irl quasi-gcostrophic  I’V dcrivccl  from hlI,S

gcopotcntial  heights. I)he three-dimensional structure of this signal rcscmblcs  the I’V

“charge” discussed Ny ]]oskins  et a]. (1985) ancl more rcccntly  by Ilishop  and ‘1’horpc

(1994).  ‘1’hc  latter authors have also extended the c.onccpt  to F;rtel  }’V (rl’horpc  and

]Iis]lop  ] 995), although the prcscllt  paper focuses on quasi-gcostrol)  }lic I’V,  111 this

electrostatics allalogy,  a I’V anomaly in the at]nos~)hcrc  acts like an electric.al charge

in a cliclcctric material, with an associated vector field (i]lclc])c:ldcllt  of static stability,

densi ty ancl boundary conclitions)  that produc.cs ‘(actio]l-  at-a-distance’). Isolatecl  I)V

charges induce gcopotcntial  anomalies, circulation about the vertical  axis alld  a vertically

oriented tcmpcraturc  dipole, similar to observations of t}ic  4-day wave prcscrltcd  in this



Stucly.

2. Microwave Lhnb Sounder Data

a. TIie M L S  i n s t r u m e n t

‘1’hc Microwave Limb Sounder is one of ten instruments on board the Upper

Atmosphere Research Satellite. M 1,S uscs a 1.6 m scanning antenna to observe the

atmospheric limb emission simultaneously in spectral bands at 63, 183 and 205 Gllz

(Ijarath  et al. 1993). ‘1’hcse observations allow the dcterl”nination  of chlorine monoxide,

07tonc, water vapor, nitric acid, sulfur dioxide, tclnpcrature  and gcopotential  height

ill the stratosphere and mesosphcrc during both day and night and in the presence of

stratospheric clouds and aerosols. ‘J’his study a~lalyzcs  tcmpcraturc,  gcopotential  height

and ozone data from two austral  late-winter tixne periods, 14 August  – 20 September

1992 and 9 August - 16 September 1992, when MIS was viewing southward (covcragc

froln  80 S to 34 N).

b. Ter-nperature  llata

hlI,S  temperature is obtained by viewing limb emission of Oz at 63 Gllz.

version 3 data (used here) arc rctricvcd  011 every other UAItS pressure lCVC1 71

UAltS I.cvel  3 pressure grid is 1000 x 10-”/6  hl’a, where n =- O, 1,2, . ..) and

‘1’hc!

( the

have

uncertainties ranging from 1 .S K at 22 hI’a to 6.4 K at 0.46 h] ’a. In t}lis  paper MLS

tcmpcraturcs  arc used at S pressure lCVCIS: 22, 10, 4.6, 2.2, 1, 0.46, 0.22, 0.1 hl’a.

1{.csults from tllc two highest lCWCIS,  0.22 and 0.1 h} ’a, should bc viewed with some

caution duc to large errors which move the retrievals toward climatology. Validation

information on version 3 MI,S  tcmpcraturc  is available i]) h’isllbcin  ct al. (1996).
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c .  O z o n e  D a t a

M1,S ozone retrievals arc obtained from linlb emission in two  bands ccntcnwd near

205 and 183 GIIz. The version 3 ozone data arc rctricvcd on cvmy other UARS pressure

level. ‘1’hc 205 GIIz data have smaller uncertainties t]lroughout  the stratosphere, while

the 183 GIIz data arc lCSS noise-limited in the mcsosphcrc.  Iloth  205 ancl 183 Gllz

ozoIlc  data arc used in this paper from 22 to 0.22 hl]a. Validation information on

version 3 MI,S ozone is available in l~roiclcvaux et al. (1996) and Ricaud ct al. (1996).

Sin~lc-profile precision for ozone retrievals is in the 0.1 to 0.4 pplnv range, depending

on altitude.

cl .  Geopotential  lIeight  D a t a

‘1’hc MI,S gcopotential  height data set used in this stucly  is a preliminary data set

which is not available in version 3, but is planned for future versions. ‘1’hc gcopotential

height is olvtaincd by measuring pressure as a function of tangent-point hcig}lt.  I)rcssurc

is rctricwcd from the same set of mcasurcmcwts  as tcmpcraturc,  while tan.gcllt-poillt

height is clctcrmincd  from an cncodcr  Inountcd  on the antenna axis alld  UAILS

orbit /at t i tude knowledge.  g’hc unccrtail]ty  in pressure can bc rcprcscntccl in tcrlns of

the expected tangent point height. ‘1’he ul]certaillty  ranges from 110 m at 10 hPa to

40 tn at 0.46 hl’a, thus also givillg  an approximation to the errors in the gcopotcntia]

height data. Unccrtaintics  irl a coordinate transformation involvccl  in tl]c geopotcntial

}lcight retrieval is known to cause sigllificant  errors in the calculation of the zo]lal ]ncan

ar]d llig;h-frequency \vavc  colnponcrlts  (periods ICSS thall  about 2.5 days). IIowcvcr,  the

analyses pcrforlnccl  in this paper (zonal wave 1, 3-5 day JKxiods)  have sufllcialtly  long

pcliods  to avoid significallt  effects from these errors. Good agrcclnent  is found on these

s}~atlal  a,nci telnporal  scales bctwccll MI~S t empera tu re  (colncd g ~~~ri~v~~. in this paper)

‘ ) as cliscusscd  i*,alld  tcln~)craturc derlvcd f rom MI, S gcopotent]al  hc]ght  data (q ~~~),~ ,

Section 4a.



3. Analysis Procedure

MI,S  data used in this analysis were produced by the asynoptic  mapping method

(Salby 1982a,b;  I,ait and Stanford 1988a). l’he specific technique used for this study is

presented in detail in ELson and Froidcwaux  (1 993).  IIr;efly,  data arc binned by latitude

and separated into ascending and descending time series. The time and space axes are

rotated to a new coordinate systcm where a F’aA Fourier Transform (IJF’’1’)  is applied to

calculate the spectral coefficients. An inverse transformation and interpolation allows

data to be mapped on synoptic maps which are processed every 12 hours. Satellite

orbital period drift generally limits the proccclurc  to approximately one week analysis

periods. ‘1’hc proccdurc here is essclltially  a rc-rnapping in time so that periods longer

than a week can be analyzed. l)ata are interpolated onto horizontal grids of 4 dcgrcm

latituclc  by  5 degrees longitude and onto the standard (JAILS pressure levels.

‘1’hc twice-daily synoptic maps described above were  dcc.ornposcd  in space allcl time

I)y applying a tw~dimcllsional  sinuso;cla]  transforln  (SCC  appexldix  of Ziemke and Stanford

]990).  l’owcr spectral clcnsity  is defined in this study as (2 AJ)--l [A2(k, LO) -t- D2(k, u)],

and amplitude is

(NI)AT . At)-’.

I 99’2, NI)A7’==30

defined as [A2(k, w) -} D2(k, LJ)]0”5, where Af is the unit bandwidth

PJJ).47’  is the nulnber  of data points in t}lc  time series (Nl)~Y1’==38 for

for 1993) and Ai ;s the temporal sampling illtcrval  (0.5 day). A(k, LJ)

and I)(k, w) are the cosine and sine coefficients of the discrctc  F’ouricr cxpansiol)s

ir/AT mJAt
{7’+, @+., p-J } (x, i) =- ~ ~ [A-J (k, w) . cos(kx i d) + l~+(k, w) . sin(kx  d o-d)] .  (1)

k=f) w,z O

]]cre ~’, @ and IL arc! tcmpcraturc,  gcopotcntial  ancl ozone mixing ratio; -1 (- ) refers to

westward (eastward) components; t is time ; z is zonal distance; Ax is the zonal grid

intcrwd of 2-T~zO-@;  k is the zonal  wavcnumber;  w is the angular frequency; a is the

cart]~’s rac]ius,  and d is latitude. A 1 -2-1 rutlnillg IIICan was appliec{ in frequency s~)acc

to ~)owcr spectral dells;ty,  but not to a[nplitude. ‘1’hc time mean was Icmovcd before

a.p~)lying the l’I~rl’  to focus the analysis orl traveling waves.
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l’iltercd  time series in this study were  produced by first applying the band-pass

filter response function (with half amp]itudc  points at 3 and 5 day periods) given  by

Murakami (1979) to the temporal F1’rl’ cocficicnts  and then recombining the coefficients

through an inverse l’Fl’,

As a comparison to the MI,S  tclnperature  measurements,  temperature was

also calculated from MIS geopotentia]  height using t}lc  hydrostatic approximation

7’ == 1/-1 i%l/d(lnp)  with R == 287 Jkg-l K- 1 (clry air gas cons tan t )  ancl c o n s t a n t

vertical spacing d(lnp)  = 0.3S7 (dctcrmincd  froln  UARS standard pressure surfaces).

Qua.si-gcostrophic  potent ial  vorticity,  q’, and potential vorticity  gradient, ~V, were

calcula~cd  using the spherical formulation of Matsuno (1970):

(2)

(3)

IIcrc u is the zonal w i n d ;  pO = pooe-zi}l; p.. is the density at the surface (1000

11}’a);  z is the log-pressure coorclinatc;  A is longitude; J is the Coriolis  parameter,

and fl is the earth’s angular frequency. Overhars  denote zollal  means and primes

denote deviation from the zonal  mean. Subsc r ip t s  dcllote  partial clcrivativm.  ‘l’he

l]rullt-Vaisilli  parameter alld  atmospheric scale height were ,givcn the constant values

iV2 X= 4 x 10-4 S -2 allcl  11 == 7 km. q’ was calculated from hfll,S gcopotelltial  height clata,

while ~V was calculated from I-Jnited Kingdom Mctcoro]ogical  Off-ice (UK MO) zonal

willds.  MIA data were not used in the calculation] of iju due to the known inaccuracy ill

the zonal  recall gcopotmtial  height  (see Section 2d).

UI{MO  horizontal winds and temperatures on [JAltS pressure surfaces, obtained

from the Goddard Space l’ligllt  Center (GSII’C)  IIistrihutcd Active Archive Center

(I) AAC), were interpolated with a cubic splint onto llorizonta]  grids of 4 degrees latitude

by 5 dc~;rccs longitude. ‘J’hcsc  willds  and tcmpcraturcs  were used in the calculation of

~V and also in the tracer model cliscussed  il] Section 4c.
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‘1’hc quasi-geostropllic  l;liassen-l)alm  (l!;P) flux vector and the 1’;1’ flux divergence

were calculated with the the following spherical formulation:

(
F  = (& ~’>) == ~OaCOS~ –U’V’,

-.—
;$;:

‘ )
(4)

(5)

IIcre u’ a.ncl v’ (meridional wind) arc calculated from MI,S gcopotclltial  heights (using

the geostrophic approximation) and T’ is from MLS retrieved tcrnpcratures.  III the

El’ flux diagram (Fig, 11) the vector components arc multiplied by  2nacos~. ‘1’his

factor accounts for the spherical geometry of the earth to make the arrow pattern look

non-d  iver-gcxlt  if ancl only if V “ I’ = O (SCC ]td)non  et al. 1980).

4 .  licsults

a. ‘.’emperature

Space-time spectral decomposition is a uscfu]  too] for isolating tl]c  4-day wave

from other atmospheric signals. h’igurc 1a presents zonal wavcnumbcr  1 power spectral

density (defined above l+:q. 1 and hcrcaftcr  powev) for MIX rctricvcd  t e m p e r a t u r e

(I,ercaftcr ‘l’,~,,~~vc~ ) at 72 South latitude for 18 August - 6 Scptclnbcr  1992. A clear

4-day eastward pcriocl  signal exists near 1 hl’a (48 kin)  alld  a somewhat weaker signal

occurs near 0.22 h]’a (60 km). ‘J’hcsc  sigllals  arc also evident in temperature derived

froln  MI13 gcopotcntial  height  (hereaf te r  ‘J’gc~/,~  ,) IJig. 1 b, although tllc lower signal

maximizes near 2.2 111’a (42 km). An even strollger  4-day signal is found durirlg  2 -

16 Scptcmbcr  1 9 9 3  i n  b o t h  ‘l’r.~ri.ve~  (14’ig.  1 c) and ‘J’9~~M  (Fig.  I d). ‘J’h~ 4-day signal

dominates tllc traveling wave spectra for this time pcriocl  with two IObcs centcrccl  near

2.2 hl’a (42 km) and 0.22 hl’a (60 km). Sections 4cI and 4f discuss furtllcr  the valiclity

of tllc  4-day signal in terms of uncertainty and statistical sigllificallcc.

‘1’he 1992 4-day wave event was further isolated by filtcrillg  a 38 clay series of

‘l’rctl.i~tie~ for zonal wavcnumbcr  1 and castwarcl periods of 3-5 days alld  plotting on
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a lIovm611cr  (time vs. longitude) diagram for 64 S and 1 hl’a (l~ig;.  2). The 4-day

wave  amplitude increases over  the first 10 clays and rernaills  constant for another 10

days before dissipating near 1 September 1992. ‘J’he mode makes at least 5 revolutions

around the pole with a rotation period near 3.S clays,

Spectral plots of ‘l’,.,.;  eti.~ for zonal wavenumbers  2 and 3 (not showl)  here) for the

1992 cwent show signals at 1 }~Pa with eastward periods of 2.0 and 1.3 days, respectively.

‘J’hese  sinusoidal components move at the same phase speed of the wave 1, 4-day sigllal

and combine with wave 1 to form a ‘(warm pool” of air at I h])a which rotates around

the pole with a period near 4 days. ‘1’his  feature is shown in l~ig. 3, where ‘l’rc~ricvc~

data have been filtered over 14 August - 20 September 1992 for waves  1 through 3 and

eastward rotation periods of 3-5 days. (Wave  4 ancl higher were not analymcl because

the frequency of interest, 4 days divided by integer wavcnuxnber,  is near or outside the

Nyquist  limit of approximately 1 day- l.) ‘1’hc warm pool rotates around the pole as

all iclcl~tifiablc  entity  throughout the rczord shown displaying the quasi-llolldispcrsivc

(solito*,-lilic)  nature of the feature.

“1’llC  perturbation temperature (rl’~~~~~~~~~ ) amplitude for wave 1 ancl 3.8 day

eastward period is plotted i~l 1+’ig. 4a for the 1992 4-day wave evcrlt.  A large lobe exists

ill the upper stratosphere peaking near 48 kln alld  72 S with maximum amplitude of

4.3 K. A slna]ler upper  lobe is cclltcrccl  at 60 km and 68 S. ‘1’his  double-lobed structure

is silllilar  to that predicted by t}lc  instability study of h4anncy  ant] ]{andc]  (1993). ]n

tllcir results, tllc.  u])per  lobe  is lar!;er  and cxtellds  well illto  the lnesos])llere.  IIowcver,

‘l’rC~riCU~~  is largely  clilnatology  at 66 kin, forcing zollally  asy!nmct,ric wave amplitudes to

zeJw, thcrcforc  the abrupt fall-off with height above 60 kln  ill l’ig. 4a lnay Jlot bc real.

‘1’IIc 1993 series also displays a double-]obcd structure (l(’ig. 4b), but  cac]] 10Lc col~tains

two lnaxima,  ‘1’he lower lobe: has lnaxilna  near 42 km, 76 S (aJnplitude  of 5.3 K) ant] 48

Icln,  60 S, while the upper lobe is an extended region  with two weak maxima at 60 km,

so s a,rlcl 60 km, 64 s.
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hlanney  and Rande]  (1993) also predict rapid vertical phase variation between the

two lobes. Such behavior can be explicitly seen in height vs. longitude plots of ~’r~~ri.vc~

at 72 S, filtered for waves 1 through 3 and eastward rotation periods of 3-5 days. l’igure

5a presents 8 days during the peak amplitude of the 1992 time series. ‘1’he plots reveal

a warm anomaly near 48 km bounded above by a cold anomaly near 60 km. This dipole

pattern continues throughout the. 4-day wave life-cycle, suggesting that the two peaks

constitute one entity. The 1993 series also reveals this vertical temperature dipole (1’ig.

5b). IIerc the lower peak has a strong wave 1 structure which begins near 48 kln  and

clcscends  to 42 km over this 8 day period. q’hc upper feature, which maxilnizcs  near 60

km, is approximately 180 degrees out of phase with the lower feature. ‘1’he quaclrupole

pattcrll  procluccd by  the two out-of-phase lobes remains stable for at least two weeks,

through the cnd of the UARS month (16 September 1993), when hfl I,S changed to

northward viewing

b. (Jeopotential

(covcragc  from 80 N to 34 S).

‘1’he vertical tcmpcraturc  dipole structure seen in Fig.  5 suggests that the

perturbation gcopotcntial  amplitude S1 1O U1CI incrwasc  with height throughout the rcgioll

of the lower temperature lobe and decrcasc  with height in the rcg;ion of the upper  lobe.

‘1’his  is confirmed in l’ig.  6a, which shows the gcopotcntial  amplitude for the 1992 series

for eastward moving wave 1 with a period of 3.8 days. ‘l’he sigllal  ]naximizes  llcar 57

k]n, at the boundary between the warm and cold anolnalics  (SCC I~ig, 5a), and dccreascs

above. ‘1’hc  1993 .gcopotential  amplitude (lJig. 6b)  peaks near 48 km, consistent with the

pcrt,urbatioll  telnpcraturc  structure for  that  series (1’’ig.  5L). ‘1’hc geopotential  signal

dccrcascs with altitude more rapidly ill tllc 19!33 time series, duc to a larger amplitude

upper tmnpcraturc  lobe in 1993 than in 1992. ‘1’hc mcriciional  structure shown  here is

silnilar  to ~Jrevious observations of the 4-day wave  ill geopotcntial  hcigllt  (Manllcy  1991;

IJawrcncc ancl ]{anclcl  1996).
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C.. o z o n e

Other than the unpublished conference report by Ranclel  et al. (1992), the prcsmlt

paper is the first to present observations of the 4-day wave in ozone. }’;ast-wmt  power

spectra for wave 1 MI,S ozone (both  205 GIlz arlcl  183 GIIz data) at 72 S during 18

August - 6 Scptcmbcr 1992 arc presented ill  Pig. 7. A 4-day peak exists near t}lc

stratopausc  (1.0 hPa),  coincident with the ‘l’r.fri~u~~  Inaximum  at the same altitude,

I“ig. la. A 2-day eastward period signal exists at 2.2 hl’a; the source of this sigllal  is

uI]kxlown and is not thought  to bc rclatccl  to the 4-day wave. ‘1’he  2-day feature does

not exist ill spectra from 5- 20 Scptcnlbcr  1992.

‘1’o a,sccrtain the relatiox)ship  betwccll the 4-day feature irl ozone and the other

atlnos~)hcric  variables, a linear advcctivc-photoch  clnical model was used to calculate

the OZOIIC rcspollse  to tenl~)craturc  and mcwiciional wind perturbations associated with

the 4day  wave. 7’}lc  p rocedure  cornbil)es  the lincarizccl  thcrmodynatnic  and  OZOIIC

colltil]uity  equations to obtain arl expression for L1]C ozone lnixillg  ratio (IIartnlanl~

al}d Garcia 1979; Itood and J)ouglass  19S5; Itandel  1993). Ilccause the 4-day wave

ampli tudes ill  the various  corn~~orlcnts  (7’, u, v and IL) arc observed to be ]]luch  ICSS  tharl

their respective zonal mean values (7” << 7“;, etc.), we usc a lil]carizcd  tllcmrlodyllalnic

equation,

7“~ -t i17”T -t V’?’v + w’s =- o (6)

w h e r e  w’ is the ve r t i ca l  wincl componcl)t,  K =.= It/cP R 2 / 7  and II =- 7 km, alld  a

]incarizcc{ orlone continuity equation,

/L’t + Z/l’z +- v’jiy + W’pz = - 1’/1’  - al”. (7)

‘1’l~c ~Jllotochelllical  relaxation frequency, 1’, alld  tllc linearized ozone response to small

teln~wraturc  perturbations, ~, are S] IOWI1 in ]Jig. 8a, adapted from I]artmann  and Carcia
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(1 979) who studied ozone transport by planetary waves in the winter stratosphere using

a linearized p-plane  model centered at 60°. ltadiativc  damping of the temperature

perturbations is neglected, since the radiative time scale is of order 10 days in the

region of interest (26 to .57 km), see ]Iartmann  and Garcia (1 979), while the advcctive

time scale [k(ti  -- C)]-l  is of order 1-2 days from 26 to 42 km, ancl the photochcmic.al

time scale 1’--1 is less than 1 day from 42 to 57 km. Combining l;qs.  4 and 5 gives the

following differential equation for IL’:

The perturbation quantities arc assumed to have zonally  propagating sinusoidal

S()]uti()ns:  }4’ ~ /LA < c~.$[k(~  –  d)] ~ /LII o si72[k(z --- cl)]. Silnilar  dcpcl)dcnce  is assurncd

for v’ and 7“. Substituting into }’;q. 8, the resulting expression for the ozone )nixing

ratio amplitude (po~lP 2 = pi + /L~l, similarly for vn,,,P and I\,,,P) is

l“igurc  8b presents the resulting ]nodcl  ozol]e amplitude for t,}lc wave 1, 4.0 day

period signal at 60 S (thick solid line). Also plotted arc the observed ozone alnplitudcs

at 60 S for 205 GIIz (thin solid) ant] 183 GIlz (dotted)  data. II;rror bars on tllc

observed data were calculated using the procedure dcscribcd in Section 4cI. Reasonable

agrcclncnt  is found between observed and model am~)litudes,  with low values  ill tile

Illiddlc stratosp}]crc  and  lower  mcsosphcrc,  and a lnaxilllun~  ill  the LIppcr  stratosp]~cre

(near 42 km).  ILcsults  from a purely aclvcctivc  Inodc]  (1’ == @ =-- O) and a p~,rcly

photochclnica]  model (p.,~P = (0/1’) ?L,,,P, scc }landcl 1990) show a tra,,sitio~~  region

bctwccn  dynamical  and photochemical  colltrol  from a~jpr,oxilnatcly  37-49 km, where

both  dynamics and photochemistry play an iln~)ort,ant  role.
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‘]’hc good agrcerncnt  (at least to first order) between model and observations

suggests that the observed 4-day signal in ozone is produced largely by the coupled

effects of constituent advection  by the 4-day wave perturbation winds in the presence

of zonal mean constituent gradients and photochcmical  processes associated with the

4-day wave perturbation temperature ancl mixing ratio anomalies.

d. I]ncertainty  in 4-Ilay W a v e  A m p l i t u d e

In order to assess the uncertainty jn the 4-day wave alnplitucle  calculation, a

random number generator was used to lilakc a ]Ioisc  data set with I,evcl  3K1’ format

(along-track, cnm]ly  spaced ill tilne)  wjth values between -0.5 and +0.5 (arbitrary units),

giving a ltoot  Mean Square (R. MS) variation of 0.29. ‘1’his  represents the randoln  noise

in a given M1,S measured quantity with a)l Ri14S error (defined here as ullccrtainty)

of 0.29. q’hese  data were passccl  through the asynoptic mapping routine described in

Scctiol)  2 and sylloptic  Inap.s were produc.ecl. ‘J’l]c  ILMS variation in the synoptic maps is

0.19, which js 6570 of the input value. ‘l’he decrease is mainly clue to interpolation to a

regular horizontal grid. Fourier clccomposition  was then app]ied  to jsolatc  the alnplitudc

of the wave 1, 3.S day component fro)n  500 diflcrcllt  tilnc scrjcs,  cac}l  ranclomly

generated. ‘1’his MoIIt,c  Carlo procedure yjcldcxl ILMS variations in ampljtudc  of 0.018

for the 1992 silnu]atcc]  series (38 tjmc coInpollcnts  USCC1,  72 longitudes) and 0.020 for

the 1993 simulated scrjcs (30 time co]npollcnts  used, 72 longitudes). ‘J’hc uncertainty in

alnplitudc  is 0.020/0.29 H 1/16 tilnes the uncertainty in the level 3A]’ clata  for 1992 and

1 /14 for 1993. ‘J’hc difrcrcncc  between 1/16 and 1 /14 js duc to the different bzuldwidth

used in each year. l’his mct}locl can now bc used to obtain estimated uncertainties ill

4-day wave amplitudes observed ill h41,S tclnpcrature  and ozone.

‘J’hc  estimated uncertainty ill Version 3 MI,S  tcmpmaturc  at 1 and 2,2 h])a is 3.4

and 2.2 K, respectively (l~ishbcill  ct al. 1996). ‘1’hc estilllatcd  4-clay wave amplitude

uncertainty j]l the lower peak of l“jg. 4a (1992) is 3.4/16 = 0.21 K, which is much
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slnallcr than the observed amplitude of 4,3 K. In 1993 the uncertainty in the lower peak

(I$ig, 4b) is 2.2/1.4 == 0.16 K, which is much less then the observed amplitude of 5.2

K. ‘1’his  Monte Carlo analysis shows that the observed 4-day wave amplitudes arc not

significantly affccteci  by random noise in the data.

l’his method was also used to obtain estimated errors for 205 and 183 GIIz MI,S

ozone clata,  The error bars showll  in l’ig. 8b were computed using the above forlnulation

alon~ with clata uncertainties at different pressure levels as given by Irroidevaux  et al,

(1996).

e. S t a t i s t i c a l  A s s e s s m e n t s

J]ccause  the 4-day wave is a well established atmospheric phenomenon (see

references in introduction), statistical assessment of the 4-day features found here can

bc made on the basis of a piori  statistics (Madden and Julian, 1971). IIricfly,  before

mlalysis  it is decided to exarninc

peaks arc examined at previously

used, Macldell  and Julian, 1971).

spectral features near 4 clay periods. (If spectral

unreported frccluencics,  a posierimi  statistics must be

CJ’hc null hypothesis is ]naclc that any spectra] peak

at 4 days is due to ranclom sampling fluctuations. Unclcr  this hypothesis, the ratio

of spectral peak tc) nearby spectral background can bc estimated statistically. I~or the

l$ourier  transforln  spectra USCC1 here, clli squarccl  statistics are cmployecl  to cstirnatc  the

lnaxilnuIn  ~mak to backgroul~cl  ratio that wili occur in 95% of the cases  for ranclom

salnplil)g  fluctuations. If the obsmvccl  peak cxcecds this ratio, with 9570 confidence the

sl)cctral  feature can bc said to be statistically significant.

I;igurcs  9a,b show tile  ‘l’r~~riev~~ spectra at 2 and 0.2 hl’a during 2- 16 Scl)tclnbcr

1993. ‘1’hesc arc plottecl  w i t h o u t  slnoothing  in h’igs. 9a,b,  and corrmpollcl  to the

slnootllcd  plot show]l  in I“ig. Ic. Also indicated by clashed lines il\ l’ig.  9 are the

csti]natccl  background ancl 9570 confidcr~cc limit (for two degrees of frccc]om,  appropriate

to this case of unsmootl~cd  I“ourier  trallsforln  spectral estimates). }Iotll features easily
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satisfy a priori  statistical significance.

‘1’he 1992 temperature spectral 4-day peak,  shown smoothed in F’ig. 1a, reveals a

strong peak ccntcrcd  at 1 hPa which also easily cxcccds the a priori 95’%0 conficlcncc

limit  (not shown here). ‘1’hc weaker temperature peak at 0,22 hl’a is CIOSC to a stronger

lower frequency featurco By examination of uns!noothed  spectral results (not shown

here) it can lm shown that the 0.22 hl’a 4-day peak also meets the criterion for a priori

statistical significance.

T}IC 183 GIIz ozone spectrum at 1 hPa for 1992 (shown srnoothcd  in Fig. 7b) is

p]ottcd unsmoothcd  in Fig. 9c. ‘J’he 4-day peak cxcecds  the 95% confic{cnce lilnit  ancl is

judged statistically significant. ‘1’}Ic  205 Gllz ozoIlc 4-day peak at 1 h]’a (1’ig. 7b) also

cxcccds the 95% confidence limit (not shown here).

f. Zonal W i n d ,  ?jV and FP F l u x  S t r u c t u r e

‘1’hcorctical  studies SIIOW that barotropic  ancl/or  baroc]inic  instability of the polar

night jet can produce qua.si-nondispcrsivc  modes silnilar  to the observed 4-day wave. ‘J’lIc

instability cpisoc]cs arc .gcneral]y  accoln~Janicd  by regions of l]cgativc  c~uasi-gcostrophic

I)otcntial  vorticity  gradicllt,  TV, and non-zero }31’ flux divcrgcncc.  l“igurc  10a shows the

zonal nlcall lJKMO casst-west wind averaged over the life-cycle of the 1992 4-day wave

evcxlt (18 August - 6 September 1992). A strong stratospheric westerly jet is centcrccl

llcar 34 km, 60 S. The associated wind curvature procluces  a region of negative ~Y near 50

S at altitudes above 50 km (141ig.  10 b). Ilaily  wind maps reveal a “double-jet” structure

llcar the beginning of the time series which is often prcscmt cluring  4-cIay wave cvcllts

(Nfal,ncy 1991; Nanclcl  a,,d l,ait 1991). Manncy  et al. (1996)  showed that daily maps

of ltrtcl I’V (on iscntropic  surfaces) calculated from UKMO winds somctirncs  exhibit

unrealistic structure in the Southern llclnisphcrc  winter middle and upper stratosphere

polewarcl  of about 70 S. Our analyses here, however, focus oll quasi-geostropl)ic  1’V

avcragccl  over 20 clays. Comparison of pig. 10a with Natiorlal lvletcorological  Center
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(NMC) zonal winds (not shown here) suggests good overall agrccmcnt.  IIowevcr,  ~v

calculated from the NMC data (which extends only to 54 km) does not show the

negative region near 50 S for this time-avcragccl period, although negative ~U does exist

near 50 S, 54 km for several of the individual NMC-derived claily maps during the first

half of this time series.

I,incar theory requires that wave growth by barotropic  instability be accompanied

by negative PV gradients. (1’hc integral over latitude of ~V times a positive definite

quaritity  must be zero for wave growth to occur by barofropic  instability. However,

barochnic  instability is possible with positive g~, given suitable variation with latitude of

t,hc vertical gradient of ii at the lower boundary, see I]olton  1992. ) ‘l’he presence here of

IIcgativc gv regions is consistent with the fact that negative 9V is a necessary, although

Ilot suftlcicnt,  condition for wave growth by barotropic  instability.

Figure 11 displays the lliassc:l-Palln  (14;1’)  flux diagram for this wave cpisoclc,

giving details about the net effect on the zonal  mcall state of eddy and momclltunl

fluxes due to wave events. ‘1’he 1+;1’  flux was calculated using M 1,S temperature and

gcopotclitial  height from 18 ;\ugust 6 September 1992, filtered for wave 1 and 3.8 day

eastward pcriocl. ‘1’hc geostrophic  approxilnatio)l  was USCC1  to calculate the winds from

the 4-day wave perturbation gcopotcntial  field. l;P vectors arc plotted over contours

of l} If’ =: V “ F/(pOacos@)  which is a force per unit  lnass on the zonal mean wind (in

nzs-lday-l)  due to the eddy effects associated with the wave 1 component of the 4-clay

wave. I’ositivc (negative) regions of 1)1’ act to accelerate (decelerate) tllc zollal  lncan

westerly wind. Positive 1~1~’ exists between 50 and 75 S at the top of the plot, near 57

km, acting to accclmatc the lower mcsosl)llcric winds, while a negative 1111’  region near

54 km, 72 S acts to dcc.clcratc t}lc stronger stratopausc  willds  (see }~ig. 10a). 1{’igurc

11 ~)rcclicts  eddy--induced reduction of vertical shear ill the 60-75 S lower Incsospllcre

region, consistent with baroclillic  instability Incchanisms  driving  t}le 4-day wave ill the

lower mcsosphcrc. ‘lllc El’ flux structure above 48 kln  is similar to the model results
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from Manncy and Randcl  (1993, their l’ig. 2d), with a region of negative DF bounded

above and to the north by positive 1)1’.

~’hc 121’ flux vectors indicate strong equatorward  heat flux (downward poillting

arrows) and equatorward momentum flux (polcwarcl  pointjng  arrows) above 48 km

ar)d polcward of 60 S (also similar to Manncy  and ]{andcl  1993, l’ig. 2d) and largely

po]cward  morncntum  flux elsewhere. ‘1’hc  vectors arc prcdomillant]y  vertical (indicating

baroclinic  procxsscs)  in the lower mesosphcrc,  while strong Il)omclltum  flux (jllclicated

by horizontal cotnpommts  of I~;l’ flux vectors) near 43 km, 60 S suggests barotropic

~jroccsscs  play a sizable role there. ‘J’his is coxlfirlncd  by the positive (70 S) ancl negative

(60 S) IJ1’ regions at 43 km, which act to reduce the latitudinal shear associatcxl  with

the stratospheric jet (a sigliaturc  of barotropic  instability).

Manlley  and Ranclel  (1993) and l,awrcmce  arid ltalldcl  (1 996) show ovcrlappjllg

regions of negative ~Y and positive V . F during 4-day wave episodes. ‘]’his spatial
. . .

coincidence is rccognizccl  as a source  region  of wave activity A =-: ~ q’2/~u, where q ’

rcprcscmts the perturbation quasi- gcostrophic  potcntjal  vorticity.  Neglecting diabatic

and fr ict ional  effects ,  a  collsmvation  equatio]l  can  be wrlt,tcnl  (Anclrews  allcl Mc]ntyrc

(1976,  1978):
c?A

‘Cz ‘}” v “ 1“ = 0“

(lo)

C]ear]y, whm) _ijy is negatjvc,  the wave activity will incrcasc in ll]agl~itudc  when V. F >0.

OI)c: regic)n of llcgativc  ~Y occurs iIl t}lc  vicinity c)f strong positive 1)1+’ near 57 km,

52 S. ‘J’his  js consistcnlt  with ir]stability  dynalnics  cirivil]g the 4-day  wave in the lower

lncsosr)herc.  Acccwcling to I’;cl. 10, wave activity will also incrcasc ifgu >0 atlcl V’ F <0.

‘1’he  regions of ncgatjve  I)F near 54 kin, 80 S to 65 S and 43 km, 60 S overlap positive

ijV, suggesting instability forcillg  lnay alsc)  exist ilI these regiol)s.
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g, Quasi-Geostrophic  P o t e n t i a l  V o r t i c i t y

Spectral analyses of quasi-gcostrophic  potential vorticity  (l’V) calculated from

MI,S gcopotential  heights reveal 4-day signals in both the 1992 and 1993 series. l’igurc

12 shows the east-west PV power spectra for 72 S during 18 August - 6 September

1992 (Fig. 12a) and 2-- 16 Septcrnbcr  1993 (lJig. 12 b). Clear 4-day eastward period

signals in PV arc seen near the stratopause  (48 kln or 1 hI’a) during both time periods.

(In 1992, a significant longer-period feature is seen in the upper stratosphere. “J’his

eastward-moving power with periods of several weeks is not directly related to the 4-day

wave considered here. ) A height vs. latitude plot of I)V a.~nplitude  for wave 1 and 3.8

day eastward period is providccl  in I~ig. 13a for the 1992 series. A region of large 1’V

alnplituclc  is ccnterccl near 50 kin, 68 S. l’igure  13!3 shows the wave 1, 3.75 day signal ix]

1993, which has a similar structure to the 1992 feature, although centcrcd slightly lower

and with corltours  solnewhat  more compact.

‘1’]le t]]rec-(lil)lellsior]a]  structure of the perturbation I’V resembles the ‘(I’V charge”

collccpt  cliscussed  by IIoskins  ct al. (1985)  and  more  recently by 13is110p  ancl “1’horpe

(1994), who considered the effects on the atmosphere of a uniform spherical quasi-

gcostrophic  PV anomaly in a basic state with constant static stability ancl cicllsity  and in

a tw~la.ycr vertical static stability basic state rc~Jrescrltillg  the cflects of tllc tropopausc,

in this analogy, the atmosphere represents an isotropic ciielcctric  matmia.l; static stability

represents clielcctric properties; gcor)otcntial  (or strcalnfunction)  represents electric

potmltial,  and an isolated I’V allolnaly re~)rcsel)ts  all electrostat ic charge,  with an

a.cc.c~ll”l~>allyillg  vector fic]c] that produces ‘(act ioll-at-a-distall  ce” (a ful~daIncnta]  collcept

ill 1’V thillking).  ‘J’his “1’V field” (which is independent of static stability, density ancl

bounclary  conc]itions)  illduccs  perturbat ion teln~)crature,  gcopotcntial  and wincl  ficlcls  as

s}lown  in }“ig. 14a (for the case of constant static stability), aclaptcd from l’igs.  1 ancl

2 of IIishop  and ‘J’})orpc  (1 994). IIcre a negative spherical I’V charge incluccs  a vertical

tcmpcraturc  clipo]c with cold temperature perturbation] on top, spherical gcopotcntial
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anomaly and anti-cyclonic  circulation about the vertical axis.

]n compariscm, Fig. 14b shows the amplitude of the wave 1, 3.8 day period

moclc  during the 1992 series ass a function of height and latitude. ‘]’hc hatched region

inc.ludcs  I’V amplitude greater than 9070 of the maximum. Solid lines  arc perturbation

tcrnpcraturc  amplitude of 6070 to 90’%0 of the nlaximum , incrcmcntcd  by 1070, aTld t h e

dasllcd  lines arc perturbation gcopotcntial  amp]itudc  at every 10~o of the maximum.

1 lcrc wc scc the 1’V anomaly bounded above and below by two tcmpcraturc  lobes,

which arc out-of-phase, resembling the COICI and warm perturbations in Fig.  14a. ‘1’IIc

gcopotc]ltial  anomaly surrounds the region of large PV amplitude, although ccntercd

slightly higher. ‘1’here would also bc an inducccl  circulatiorl  about the vertical axis

asssoc.iatccl  with the gcopotcntial  anomaly, similar to that shown in I~ig. 14a.

‘l’his analogy suggests that the 4-day wave lnay bc more fundamentally vicwccl as a

I’V anomaly than a tcmpcraturc  anomaly. ‘J’hc wave life-cycle Lcgins  with an unstable

atlnosp}lcre  which allows growth in I’V anomaly atnplituclc,  which  in t})is paracligrn,

incl~]ccs  anomalies in tcmpcraturc,  gcopotcntial  and winci. ‘1’his  view also appeals to

the “wave activity” i]lterprctation  of ccldy features discussed in Section 4f, since PV

anolnalics  relate clircctly  to tllc  l;l) flux clivcrgcncc  forcing. of the zonal  lncan state. ‘1’hc

1’V “charge” paradigm, coupled with its generation by instability lncchanisms,  appears

to provide a satisfying physical explanation for the 4-clay wave.

5. Summary

‘J’his  study takcx  advantage of the vertical covcra!;c  and resolution of the hlicrowavc

l,ilnb Sounclcr  instrument to allalyzc 4-clay wave features durillg  August - Scptcmbcr

1992 allcl  1993. Strong 4-day wave events arc founcl  during both time series. A

double-peaked strut.turc is found in tcmpcraturc  with ]naxima in tllc  upper stratosphere

ancl lower mcsosphcrc  ancl strong vertical phase variation in bctwccll,  as prcclictccl  by

tllc II1OC1C]  of Manncy ancl Ranclcl  (1 993). ](’our-c]ay eastward period siglla]s  arc also
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evident in MLS ozone, geopotential  hcigllt  and quasi-geostrophic  potential vorticity

dcriveci  f rom MI,S .geopoterltial  llcight. ‘1’hc ozone signal compares WC1l with results

from a linear advectivc-photochernical  mode] which calculates the ozone response to

temperature and wind perturbations associated with the 4-day wave. A ncgat,ivc

region of quasi-gcostrophic  potential vorticity gradient coexists with positive

divergence, suggesting instability dynamics plays a role in the wave forcing.

three-dimensional wave structure is shown to rcscmblc the potential vorticity

E]’ flux

‘l’he

‘tcharge’)

concept which includes a vertical tmnpcraturc  dipole and anomalies in I’V, gcopotcntial

ancl horizontal wind. ‘J’hc I’V paradigm, ii] which tcmpcraturc,  gc.opotcntial  and wind

anomalies arc induced by a potclltial  vorticity  “charge”, itself tl~c result of instability

growth proccsscs,  offers an elegant and conceptually satisfyil\g  cx~)lanation  of the physics

of the 4-day wave.
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Figure 1 (a) E;ast-west  power spectrum for wave 1 MIS temperature (’~’rc~ricved) at 72 S

for 18 August – 6 September 1!392. IIashed  contours are at 10, 20 and 30 K2 “ day  and solid

contours are from 40 to 100 1<2 “ day by 10 K2 o day. (b) same as (a) but for temperature

derived from MIS geopotential height (T~eO~~). (c,d) Same as (a,b)  but for 2- 16 September

1993.

Figure  2 l’ime  vs. longitude plot of q’rc~ri~ued  at 64 S and 1

wave 1 an(i 3-5 day eastward periods for 14 August – 20 September

from -4 to O K by 1 K. Solid contours are frotn 1 to 4 K by 1 K.

hPa (48 km) filtered for

] 992. ]“)a.shed  contours are

l“igure 3 Polar stereographic plots of MIA temperature at 1 hl’a  filtered for waves 1-3

anti 3--5 day eastward periods for 22-29 August 1!392.  l,atitu{ie  circles are at 20, 40, 60 and 80

S with the South Pole at the center. E;astward ciircction  is clockwise with O longitude on the

positive vertical axis. I)ashed  contours are from -5 to O K by 1 K. Solid contours are from 1 to

8 ]< by ] 1<.

Figure 4 (a) ‘~’r.~ri.V.d  amplitude for wave 1 and 3.8 day eastward period for 18 August

6 September 1992. Contours are every 10% interwl of the maximum (4.3 1{), with values

higher than 50% shaded. (b) ‘l’.~~ricucd  amplitude for wave 1 and 3.75 day eastward period

for 2- 16 September 1993. Contours from 9% to 99% of the maximum (5.2 K) by 1070,  with

values higher than 59?’0 shaded.

Figure 5 (a) ‘l’rc~rlcu~d  on a height vs. ]ongitu(ie  grici  at 72 S fi]tercd  for waves 1-3 an(i

3-5 (iay eastward rotation period for 22-29 August 1992. (b) Same as (a.) but for 4- 11

Sc~Jtcmber  1993. Contours arc every 1 K with soli(i (Ciasheci) line having positive (negative)

vaium.  W (C) refers to warm (col(i)  anomalies.

Figure  6 (a) MIA geopotential  amplitude for wave 1 an(i 3.8 day castwarci period for 18

Augus t  6 Scptcmbcr 1992. (b) Same as (a) but for 2- 16 Sc~)tembcr  1993,  3.75 day I)eriod.

Contours are at every 1O$ZO interval of the maximum with values higher than 50’%0 shacleci.

Figure 7 (a) I<;ast-west  power spectrum for wave 1 MIS ozone (205 G]Iz) at 72 S for 18

August - 6 September 1992. Contour incrcmcnt  is 0.02 ppmv 2 . day. l)ashcci iines are from

0.02 to 0.08 ppTnv 2 . day. Solid lines arc from 0.10 to 0.20 ppTiIV2 . day. (b) Same as (a) but for

183 GIIY, MI,S ozone.
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Figure 8 (a) Ozone photochemical  parameters adapted from IIartmann  and Garcia

(1979). I’ is the photochemical  relaxation frequency and (3 is the linearized ozone response to

small telnperature  perturbations. (b) Wave 1 ozone amplitude (in ppmv) at 60 S for 4-day

eastward period from 18 August – 6 September 1992.  Lines are model (thick solid), 205 GIIz

observations (thin solid) and 183 GIIz observations (dashed). Error bars were calculated using

the procedure described in Section 4d. I,arge  (small) caps show the extent of the 205 (1 83)

G]lz ozone error bars.

Figure 9 Unsoothed power spectra for wave 1 at 72 S plotted along with estimated

background and 9570 conficience  level. (a) 2’rc~riCV=d for the 1993 series a.t 2 hPa. (b) ‘l’rcirieved

for the 1993 series at 0.2 hl’a.  (c) 183 GIIz  ozone for the 1992 series at 1.0 h] ’a.

Figure 10 (a) lJKMO  zonal mean zonal wind (westerly, in Tins-l) averaged from 18

August  -6 September 1992. (b) Quasi-geostrophic  potential vorticity gradient, Vv, averaged

fro]ll 18 August - 6 September 1992. Contour increment is 1.0 x 10-] l?n-ls-l with negative

values cl as}) ed.

l’igure 11 };)iassen-1’alxn  flux diagram calculated for the wave 1, 3.8 day eastward period

compone]lt,s of A41,S temperature and geopotential  height from 18 August - September 1992.

Contours arc 1~11’ = V . l?/(pOacos+) starting at 0.1 ar)d incremented at 0.4 m/s/day with solid

(dashccl)  line irldicating  positive (negative) values. Arrows are the I{;liassen-1’alrn  flux vectors.

Figure  12 (a) F;ast-west  power spectrum for wave 1 quasi-geostrophic potential vorticity

derived from MIS geopotentia]  height at 72 S for 18 August - 6 %ptember  1992. (b) Same ass

(a) but for 2- 16 September 19!33. Contours are arbitrary with solid lines representing larger

val u es.

F’igure  13 (a) Quasi-gcostrophic  potential vorticity  arnp]itude  for wave 1 and 3.8 day

eastward period for 18 .August  - 6 ScpterIlbcr  1992. (b) Same as (a) but for 2 - 16 September

1993, 3.75 clay period. Contours are at every 10~0 interval of the maximum wit}]  values }ligher

than 50% shaded.

Figure  14 (a) “J’V charge” schematic adapted from J]ishop and ‘1’horpe  ( 1994)  11’igs.

1 and 2. ‘1’he negative I’V anomaly incluces  te]nperature,  gcopotcntial  and wind (solid line

with arrows) anorna]ies  as showrl. Note: the I’V, tcrnpcrature and .geopotential anomalies
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arc viewed here as a meridional cross-section of the 3-dimensional I’V charge, while the

circulation is in a horizontal plane which projects out of the page. (b) Amplitude of wave 1,

3.8 day eastward period signal from 18 August -6 September 1992. I1atched regioll includes

I’V amplitude greater than 90% of the maximum. Solid lines are perturbation temperature

amplitude of 60% to 90Y0, incremented by 10% of the maximum. Dashed lines are perturbation

geopotcntial  amplitude at every 10% of the maximum. Adapted from l~igs.  4a, 6a and 13a of

this paper.
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Unsoothed power spectra for wave 1 at 72 S plotted along with e.stirnated

background and 95~o confidence level. (a) ‘I’retrieved  for the 1993 series at 2 hPa. (b) l’re:ricv.~

for the 1993 series at 0.2 hPa. (c) 183 G}Iz ozone for the 1992 series at 1.0 hPa.



(a) UKMO Zonal Wind 18 August -6 September 1992
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Figure 10 (a) UKMO zonal  mean zonal wind (westerly, in rms-l  ) averaged from 18

August -6 September 1992. (b) Quasi-geostrophic  potential vorticity gradient, ijg, averaged

from 18 August – 6 September 1992. Contour increment is 1.0 x 10-llm-ls-l  with negative

values dashed.
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Figure 11 Elia.ssen-Palm  flux diagram calculated for the wave 1, 3.8 day eastward period

components of MLS temperature and geopotential  height from 18 August – September 1992.

Contours are DF == T’ o F/(pOacos@) starting at 0.1 and incremented at 0.4 m/s/day with solid

(dash@)  line indicating positive (negative) values. Arrows are the Eliassen-Palm  flux vectors.



(a) Wave 1 PV (1992) (b) Wave 1 PV (1993)
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Figure 12 (a) E~t-west power spectrum for wave 1 quasi-gcostrophic  potential vorticity

derived from MLS geopotential  height at 72 S for 18 August -6 September 1992, (b) Same as

(a) but for 2-16 September 1993. Contours are arbitrary with solid lines representing larger

values.



(a) Wave 1 PV (1992)
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Figure 13 (a) Quasi-geostrophic  potential vorticity  amplitude for wave 1 and 3.8 day

easstward period for 18 .-fugust - 6 September 1992. (b) Satne  as (a) but for 2 - 16 September

1993, 3.75 day period. Contours are at every 10’ZO  interval of the maximum with values higher

tha[l  50% shaded.
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Figure 14 (a) ‘PV charge” schematic adapted from Bishop and Thorpe (1994) l’igs.

1 and 2. The negative PV anomaly induces temperature, geopotential  and wind (solid line

with arrows) anonlali~  as shown.
Note: the PV, temperature and

are viewed here as a meridional cross-section of the 3-dimensional geopotential  anomali~

PV charge, while the

(b) Amplitude of wave 1,
circulatiorl  is in a horizontal plane which projects out of the page.

3.8 day eastward period signal from 18 August – 6 September 1992. IIatched  region includes

PV amplitude greater than 9070 of the maximut~~.  Solid lines are perturbation ten~perature

amplitude of 6070 to 90Y0, incremented by 10% of the rnaxirnum.  Dashed lines are perturbation

geopotential  amplitude at every 107o of the maxirnurrl.  Adapted fronl F’igs.  4a, 6a and 13a of

this paper.
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